The objective of this study is to investigate the influence of three significant parameters, namely, swirl flow, loading height, and semi-confined combustion flame, on thermal efficiency and CO emissions of a swirl flow gas burner. We focus particularly on the effects of swirl angle and inclination angle on the performance of the swirl flow burner. The results showed that the swirl flow burner yields higher thermal efficiency and emits lower CO concentration than those of the conventional radial flow burner. A greater swirl angle results in higher thermal efficiency and CO emission. With increasing loading height, the thermal efficiency increases but the CO emission decreases. For a lower loading height (2 or 3 cm), the highest efficiency occurs at the inclination angle 15 ∘ . On the other hand, at a higher loading height, 4 cm, thermal efficiency increases with the inclination angle. Moreover, the addition of a shield can achieve a great increase in thermal efficiency, about 4-5%, and a decrease in CO emissions for the same burner (swirl flow or radial flow).
Introduction
Much attention has been paid to higher thermal efficiencies and lower emissions of domestic gas burners since the everincreasing demand for energy saving and emission reduction [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . As recognized, the domestic gas burner most extensively used is of the conventional Bunsen type (i.e., partially aerated) [6, 14, 15] . The typical partially aerated burner entrains primary air naturally by a momentumsharing process between the high velocity gas jet and the ambient air [6] . The most popular fuel used in domestic gas burners is liquefied petroleum gas (LPG), which is also used in this work. Typically, designs of conventional domestic gas burners are mainly relied upon open combustion flame such that energy loss through the dispersion of the flue gas to the surroundings is very large, resulting in relatively low thermal efficiency [13] . Clearly, if the dispersion of the flame or flue gas to the surroundings can be prolonged, then the thermal efficiency can be improved.
Heat and mass transfer are strongly influenced by swirl in a number of natural and technological flows [16] . It has been shown that swirl flow had great potential to lengthen the residence time and enhance mixing by means of the rotating flow field [10] [11] [12] [13] . Swirl flows have been extensively used in many industrial furnaces and boilers as well as internal combustion engines as they can enhance mixing between fuel and oxidant and flame stabilization. However, most of the domestic gas burners are of nonswirl flow type, rather than swirl flow type. Therefore, in order to achieve high efficiency and low emissions, it is of great importance that the swirl flow in a domestic gas burner can be properly designed.
Recently, low-emission, energy-efficient gas burners have attracted much attention. However, there is still lack of studies on the flow type affecting burner performance, especially swirl flow. The objective of this study is to investigate the influence of swirl flow including swirl angle and inclination angle on the burner performance. Domestic gas burners with swirl flow are proposed by adjusting different values of swirl angle and inclination angle. Their thermal efficiencies and CO emissions characteristics will be discussed and compared with those of the convectional nonswirl flow burner. Furthermore, the influences of heating height (loading height) and semiconfined flame (shielded flame) on thermal efficiencies and CO emissions are explored. The results obtained herein 2 Advances in Materials Science and Engineering would be helpful for us to understand what parameters govern burner performance and to provide significant design or operation concepts of domestic gas cookers in real applications. Figure 1 schematically illustrates the experimental apparatus. LPG contained in a steel cylinder is used as fuel, which consists of 40% propane and 60% butane by volume with a higher heating value of 114 MJ/m 3 . A wet-gas meter is used to measure the flow rate of LPG. Meanwhile, a U-tube manometer is employed to regulate the supply pressure of LPG, which can be adjusted by the pressure regulator. In this study, a double-ring gas burner, which consists of a burner head (see Figure 2(a) ) and outer-and inner-ring burner caps (made of copper), is adopted. The flow rates of outer-and inner-ring burner caps can be separately controlled by means of their own mixing tubes.
Experimental Setup and Method
The port design of gas burner is the primary factor greatly influencing the flow type and in turn dominating the burner performance (thermal efficiency and emissions). In the present work, we only change the outer-ring flow type (radial flow (nonswirl flow) or swirl flow with various swirl angles and inclination angles) but keep the inner-ring flow type (radial flow) and the other remaining components the same. This is because the outer-ring flow supplies the major heat source and mainly governs the burner performance. As shown in Figure 2 (b), the outer-ring burner cap has 50 ports with the same diameter of 0.0028 m along their circumference. Their axes are designed to be oriented towards the horizontal plane of the burner at an inclination angle, , and thus their tangential projections at a swirl angle, , with respect to the burner's radius can be generated. Accordingly, swirl flames can be formed in the outer-ring burner cap by supplying a primary air-LPG mixture through the burner ports. Figure 3 In addition to swirl flow, we also examine the effects of adding a shield enclosing the burner on improving thermal efficiency and reducing CO emission. The circular shield is made of stainless steel sheet, whose height is 0.11 m, inner diameter is 0.32 m, and thickness is 0.0008 m (see Figure 4 ) [15] . The shield has 15212 round holes of 0.00155 m diameter. The semiconfined combustion flame (with the circular shield enclosing the burner) has a potential to suppress the dispersion of the high temperature flame and flue gas, resulting in higher thermal efficiencies. Therefore, comparisons of thermal efficiencies and CO emissions for the semiconfined and open combustion flames are made.
As shown in Figure 5 , the sampling and analysis system is adopted to measure the thermal efficiency and CO emission.
According to CNS standard [17] , the variations of water temperature versus time were recorded by a -type thermocouple, which is arranged at the midpoint of the water depth. The thermal efficiency of a gas burner is defined as the percentage of the thermal input transferred to the loading water, which can be determined by (1) . In other words, it can be calculated by measuring the elapsed time for a standard load of water (4.4 kg) to be heated through a temperature rise of 50 ∘ C from the initial temperature (room temperature) and the corresponding fuel (LPG) consumed:
where (kg) denotes the mass of water, (kJ/kg-∘ C) is the specific heat at constant pressure of water, Δ equals 50 ∘ C, (m 3 ) represents the consumption of LPG, and HHV (kJ/m 3 ) designates the higher heating value of LPG.
The CO emissions are measured by a semicircular sampling tube that is located at 1/3 of the loading height from the top and 3 mm away from the edge of the loading vessel. A gas analyzer (Testo 350-XL) is used to continuously measure the concentrations of combustion products. The CO emission resulting from incomplete combustion is greatly taken into consideration because of the hazard of CO poisoning. In this study, CO * is employed to designate the CO emission, which is defined by the following equation [17] :
where CO * is the theoretical CO concentration of dry combustion product, CO is the measured CO concentration, O 2 is the theoretical O 2 concentration in dry air, and O 2 is the measured O 2 concentration.
Results and Discussion
Variations of thermal efficiency and CO emission versus swirl angle at a fixed thermal input 4.75 kW for the open flame and semiconfined flame at fuel supply pressure = 280 mm H 2 O and loading height = 2.5 cm are shown in Figures 6 and  7 , respectively. As can be seen in Figures 6 and 7 , for both open flames and semiconfined flames, the swirl flow burner gives higher thermal efficiency than the radial flow burner. As swirl angle is increased from 0 ∘ to 56 ∘ , the latter gives higher thermal efficiency than the former by at least 2% for the open flames ( Figure 6 ) and semiconfined flames (Figure 7) . The improvement in thermal efficiency of the swirl flow burner is mainly achieved by the increased heat transfer coefficient at the vessel bottom resulting from prolonged residence time of the combustion products in the vicinity of the vessel bottom [15] . Moreover, the enhancement in flow mixing and combustion process can be achieved owing to the rotating flow field [15] . Figures 6 and 7 also show that the addition of the shield yields a great increase in thermal efficiency, about 4-5%, for the same burner with swirl flow or radial flow at a fixed thermal input. The reason is that, as the dispersion of the flame or flue gas into the surroundings can be delayed by the shield, a significant improvement of thermal efficiency can be achieved. Furthermore, it can be seen from the results of Figures 6 and 7 that the swirl flow burner produces slightly higher CO emission than the radial flow burner at fixed values of thermal input and loading height. The port shape of the swirl flow burner is elliptic, different from that of the radial flow burner, which is circular, along the circumference of the outer-ring burner. Therefore, the swirl flow burner has relatively narrow port spacing leading to slightly lower secondary aeration as compared with the radial flow burner. In comparison to the radial flow burner, however, enhanced mixing, extended residence time, and higher heat transfer coefficient between the flame and the thermal load of the swirl flow burner greatly prevent incomplete combustion and eventually lead to only a relatively small increase in CO emissions.
Since loading height is an important design parameter, particular emphasis is now put on the impact of loading height ( ) on thermal efficiency and CO emissions. In addition, inclination angle ( ) is a significant port design parameter strongly affecting burner performance. on the thermal efficiency and CO emission for the semiconfined flame, respectively. It can be found from the results of Figures 8-11 that an increase in loading height leads to a decrease in thermal efficiency and a reduction in CO emissions. At a higher loading height, the flame and combustion gases are cooled to a greater extent owing to flow mixing with ambient cool air before they contact the loading vessel. Therefore, the temperature gradient for heat transfer is decreased.
On the other hand, as the loading height decreases, the slope of water temperature versus time becomes steeper due to an increase in flame impingement on the load such that a smaller amount of fuel consumption is required to heat up a load and higher thermal efficiency is achieved, as shown in Figures 8 and 10 . Meanwhile, as loading height decreases, a larger amount of postflame gases is cooled as a result of contacting with the loading vessel. Consequently, incomplete combustion increases because of increased flame quenching by the load, leading to an increase in CO emission, as shown in Figures 9 and 11 . These characteristics have also been observed by Ko and Lin [6] . It is also found from the results of Figures 8-11 that, for a lower loading height ( = 2 or 3 cm), the highest efficiency occurs at = 15 ∘ . On the other hand, at a higher loading height ( = 4 cm), thermal efficiency increases with inclination angle . The reason is that a greater inclination angle corresponds to a longer flame and thus the temperature gradient for heat transfer is increased. Moreover, as can be seen, at a lower loading height ( = 2 or 3 cm), the CO emissions increase with an increase in inclination angle because of increased quenching (incomplete combustion) by the load, while, at a higher loading height ( = 4 cm), the CO emission is quite low and only slightly influenced by the inclination angle.
Conclusions
In this study, a domestic gas burner with swirling flames was adopted to investigate the significant parameters, namely, swirl angle, inclination angle, loading height, and shielded flame (semiconfined flame), affecting the burner performance. Concluding remarks are addressed as follows.
(1) As swirl angle is increased from 0 ∘ to 56 ∘ , the latter gives higher thermal efficiency than the former by at least 2% for both open flames and semiconfined flames.
(2) Generally, the increase in loading height results in a decrease in thermal efficiency and a reduction in CO emissions. The opposite holds for the decrease in loading height.
(3) For a lower loading height ( = 2 or 3 cm), the highest efficiency occurs at the inclination angle = 15 ∘ , and the CO emission increases with an increase in inclination angle. On the other hand, at a higher loading height ( = 4 cm), thermal efficiency increases with inclination angle but the CO emission is quite low and only slightly influenced by the inclination angle.
(4) The addition of the shield yields a great increase in thermal efficiency, about 4-5%, and a decrease in CO emissions for the same burner (swirl flow or radial flow).
